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Abstract: Semiconductor nanocrystals quantum dots (QDs) are of great interest of researchers and
have potential to use in various applications in biomedicine, such as in vitro diagnostics, molecular
tracking, in vivo imaging and drug delivery. A systematic analysis of QDs potential hazardous
effects is necessary to ensure their safe use. In this study, we obtained water-soluble core/shell QDs
differing in size, surface charge or chemical composition of the core. All the synthesized QDs were
modified with polyethylene glycol derivatives to obtain outer organic shell protecting nanocrystals
from degradation. The physical and chemical parameters were fully characterized. In vitro cyto-
toxicity of QDs was estimated in both normal and tumor cell lines. We demonstrated that QDs with
the smallest size have the highest in vitro cytotoxicity. The most toxic QDs were characterized by a
low negative surface charge, while positively charged QDs showed less cytotoxic effect and QDs
with a greater negative charge were found to be the least toxic. On the contrary, the chemical
composition of the QDs core doesn’t noticeably affect the cytotoxicity in vitro. This study provides a
better understanding of influence of the QDs parameters on their cytotoxicity and can be used to
improve the design of nanocrystals.

In contrast, the chemical composition of the QD core has practically no effect on the QDs cytotoxi-
city in vitro, provided that the epitaxial inorganic shell and the additional outer shell of the modi-
fying ligand (ensuring the colloidal stability and biocompatibility of QDs) reliably protect the QDs
from degradation.

Keywords: quantum dots; semiconductor nanocrystals; cytotoxicity

1. Introduction

Development of integrated pharmaceutical agents that could be used in both diag-
nosis and personalized targeted treatment is a prevailing trend in modern medicine. A
common approach to this issue is the use of nanomaterials as components of prepara-
tions that are essentially scaffolds consisting of active pharmaceutical agents and multi-
functional nanoparticles with various structures. Quantum dots (QDs), fluorescent
nanocrystals up to ten nanometers in size, are the most widely used and extensively
studied nanomaterials. QDs are most commonly used as fluorescent agents for highly
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sensitive in vivo imaging [1] or in vitro diagnostics [2], as well as in surgical manipula-
tions, but they can also serve as drugs themselves, e.g., in photodynamic therapy [3].
Apart from the only clinical trial on the diagnosis of melanoma with the use of QDs ap-
proved in 2011 [4], QDs have not been used in clinical practice because of the numerous
issues and contradictions concerning their toxicity [5].

The specific mechanisms of nanoparticle toxicity have been studied in sufficient
detail. Cd-containing QDs were found to cause DNA damage [6,7] and cytoskeletal al-
terations [8]. A number of studies evidence that QDs can induce the excessive production
of ROS (reactive oxygen species), which can oxidize proteins, membrane lipids and nu-
cleic acids, and cause mitochondrial dysfunction [9]. CdTe QDs were shown to induce
apoptosis [10], and both CdTe and CdTe/CdS/ZnS decreased viability of cells via au-
tophagy-dependent mechanism [11]. In contrast, CulnS2/ZnS QDs demonstrated low
cytotoxicity and didn’t cause significant increase in ROS production [12].

It should be noted that the cytotoxic effects depend not only on the external factors,
such as the cell or body location of QDs and the local biological environment, but also on
the properties of the QDs themselves, including the chemical composition, size, shape,
and the chemical and physical characteristics of their outer inorganic and organic shells,
such as the surface charge and hydrophilicity/hydrophobicity, as well as the resistance to
environmental factors [13]. Given the QD structure, their toxicity should be considered as
a function of the chemical compositions of the core and inorganic shell, the QD size, and
the physical and chemical characteristics of the outer organic shell determining the QD
properties in biological media and the mechanisms of QD interaction with biological
molecules and structures. In it supposed that the contribution of different factors in
overall cytotoxicity can be ranked as follows: charge > functionalization > size [14]. The
analysis of nanoparticle toxicity at the cellular and molecular levels is necessary not only
for revealing the possible harmful consequences of the use of nanoparticles, but also for
finding the ways to reduce their toxicity.

In this study, we compared the cytotoxicity of QDs with different chemical compo-
sition, size, and properties of the outer organic shell in two in vitro models in order to
analyze the effect of each factor in more detail.

2. Materials and Methods

2.1. Synthesis of quantum dots

Core/multishell CdSe/CdS QDs (with eight monolayer (8 ML) of CdS) and
CdSe/CdS/ZnS QDs (with 6 ML of CdS and 3 ML of ZnS) were synthesized by the
method of continuous shell precursor injection described in more detail in [15]. The
synthesis of CdSe/ZnS (3 ML), CulnSz/ZnS, and PbS/CdS/ZnS QDs was carried out by the
method described in [16] for CulnS2/ZnS QDs.

2.2. Optical characterisation of quantum dots

The absorption spectra of CdSe/ZnS, CdSe/CdS/ZnS (6+3 ML), and CdSe/CdS (8
ML) QDs were measured using a Cary 60 UV-Vis spectrophotometer. The fluorescence
excitation and emission spectra of these QDs, as well as CulnS2/ZnS QDs, were measured
using a Varian Cary Eclipse spectrofluorometer. An AvaSpec-NIR256-1.7 spectropho-
tometer was used for the characterization of PbS/CdS/ZnS QD preparations.

2.3. Transmission electron microscopy

Transmission electron microscopy (TEM) measurements of the QDs were per-
formed using a JEOL JEM-1400Plus microscope operating at 120 kV. The TEM samples
were prepared by dropping ~10 uL of a diluted QD solution onto a Formvar/carbon
coated 200-mesh copper grid and subsequently evaporating the solvent under ambient
conditions.
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9 2.4. Obtaining water-soluble CdSe/ZnS (3 ML), CdSe/CdS/ZnS (6+3 ML), CdSe/CdS (8 ML),

97 CulnS2/ZnS, and PbS/CdS/ZnS quantum dots

98 For obtaining water-soluble QDs, a 20-mg sample of QDs of each type was placed

99 into a 2-mL Eppendorf test tube, and 800 pL of chloroform was added. For purifying the
100 original QD preparation from organic components, the contents of the test tube was in-
101 tensely stirred. After that, 1200 pL of methanol was added to the QD solution in chloro-
102 form. The mixture was carefully stirred on a shaker and centrifuged at room temperature
103 at 14 000 rpm for 5 min. After the centrifugation, the supernatant was removed, and the
104 QD pellet was resuspended in 800 uL of chloroform. The cycle of washing, including QD
105 dissolution in chloroform, addition of methanol, centrifugation, and withdrawal of the
106 supernatant, was repeated three times. After the third centrifugation, The QD pellet was
107 dissolved in 800 pL of chloroform by intensely stirring. Then, a 10 mg/mL DL-cysteine
108 solution in methanol was prepared. 200 pL of the DL-cysteine solution was added to the
109 chloroform solution of every type of QDs under constant stirring. The resultant mixture
110 was centrifuged at room temperature at 14 000 rpm for 5 min. After the centrifugation,
111 the supernatant was withdrawn to remove unbound DL-cysteine. 1000 uL of methanol
112 was added to the QD pellet, and unbound DL-cysteine was washed off three times by
113 centrifugation at 14 000 rpm for 3 min, withdrawal of the supernatant, and another ad-
114 dition of methanol. After the last washing, the supernatant was removed, and the QD
115 pellet was dried in a Concentrator Plus vacuum concentrator for 2 min at room temper-
116 ature to eliminate the remaining methanol. 600 pL of water and 50 uL of 1 M sodium
117 hydroxide were added to the dry residue of QDs. The resultant mixture was intensely
118 stirred to dissolve the QDs in water. For better dissolution, the QD samples were placed
119 onto an ultrasound water bath for 20 min. After that, the QD solutions were centrifuged
120 at 8000 rpm for 10 min at room temperature. The QD solution obtained after centrifuga-
121 tion was filtered through a 0.22-um Millex Syringe-driven Filter Unit.
122 To calculate the mass concentrations of the QD preparations, the absorption spectra
123 of CdSe/ZnS, CdSe/CdS/ZnS (6+3 ML), and CdSe/CdS (8 ML) QD solutions were rec-
124 orded, and the QD concentrations were calculated from the estimated first-exciton optical
125 densities using the Beer-Lambert-Bouguer law, with the calculated molar weight of QDs
126 and the QD sample dilution factor taken into account.
127 The concentrations of the infrared CulnS2/ZnS and PbS/CdS/ZnS QDs were calcu-
128 lated by the weight method. After the final purification of the QDs, 35 pL of the
129 CulnS2/ZnS QD or PbS/CdS/ZnS QD solution was placed into a preliminarily weighted
130 0.5-mL low-bind test tube (Eppendorf) and then dried in a Concentrator Plus for 3 h at
131 the temperature of 30°C. After that, the test tube was weighted again. The quantity of
132 QDs contained in 35 pL of the original QD solution was calculated by subtracting the in-
133 itial weight of the empty test tube from the final weight of the test tube containing the QD
134 preparation after drying. The QD quantity per milliliter of solution was calculated to
135 obtain the mass concentration.
136 2.5. Modification of the quantum dot surface with polyethylene glycol derivatives
137 When the QD concentration in the solution had been determined, the loading
138 amount of organic ligands based on thiol-containing polyethylene glycol (PEG) deriva-
139 tives that was necessary for the QD surface modification was calculated. There were three
140 PEG derivatives: HS-(CH2)11-EG¢-OH, HS-(CH2)11-EGs-OCHz-COOH, and
141 HS-(CHz2)11-EGe-NHoa. For the modification of all types of QDs, mixtures of QDs at the
142 following  ratios were wused: 70% of HS-(CH2)u-EG-OH / 30% of
143 HS-(CHz)11-EGe-OCH2-COOH, 70% of HS-(CHz)11-EGs-OH / 30% of HS-(CH2)11-EGe-NHo,
144 and 100% of HS-(CH2)11-EGe-OH. The specified amounts of ligands were added to
145 working mixtures with the corresponding pH values: 0.1 M sodium phosphate buffer
146 solution (pH 7.2) if the HS-(CH2)11-EGe-OH ligand was used, 0.1 M sodium phosphate

147 buffer solution (pH 8.0) in the case of the mixture of 70% of HS-(CHz2)11-EGs-OH / 30% of
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148 HS-(CH2)11-EGe-OCH2-COOH, and 0.1 M sodium phosphate buffer solution (pH 6.6) in
149 the case of 70% of HS-(CH2)1-EGe-OH / 30% of HS-(CH2)11-EGe-NHo. After that, the
150 mixtures were incubated at the temperature of 4°C for 24 h.

151 After the incubation, the QDs were purified from the unbound excess ligands. For
152 this purpose, the QD solutions were placed into the upper chambers of Amicon Ultra-15
153 10K filter devices, and the filter devices were centrifuged upon addition of 15 mL of 0.1 M
154 sodium phosphate buffer (pH 7.2) in the case of HS-(CH2)11-EGe-OH, 0.1 M sodium
155 phosphate buffer (pH 8.0) in the case of the mixture of 70% of HS-(CHz2)11-EGs-OH / 30%
156 of HS-(CH2)11-EGs-OCH2-COOH, and 0.1 M sodium phosphate buffer solution (pH 6.6) in
157 the case of 70% of HS-(CH2)11-EGs-OH / 30% of HS-(CH2)11-EGs-NHa. The centrifugation
158 was performed three times at the room temperature at 4000 rpm for 10 min. Then, the
159 preliminarily purified and concentrated QD solutions were purified by gel-filtration
160 chromatography on PD MiniTrap G-25 columns according to the manufacturer's proto-
161 col. For this purpose, 500 uL of a QD solution was applied onto a column preliminarily
162 equilibrated with a 0.1 M sodium phosphate buffer solution with the corresponding pH.
163 1 mL of the same buffer solution was used for elution. The fractions containing QDs were
164 collected into a separate test tube. After two cycles of QD purification using gel-filtration
165 chromatography, the solution was passed through Whatman Unstop filters with 100-nm
166 pores. The concentrations of the resultant preparations were estimated for subsequent
167 characterization and further analyses.

168 2.6 Estimation of the optical properties, stability, sizes, and charges of the solubilized quantum dots
169 The QD size (hydrodynamic diameter) was measured in each preparation of wa-
170 ter-soluble QDs using a Malvern Zetasizer Nano ZS dynamic light scattering analyzer
171 (Malvern Ltd, United Kingdom). The QD size was measured by analyzing electropho-
172 retic light scattering by means of the same instrument. Each measurement was made at
173 least five times, and the results were estimated using the standard statistical methods.
174 The QD colloidal stability was estimated in two different media at two different
175 incubation temperatures. First, two media were prepared for the experiment: 0.1 M so-
176 dium phosphate buffer solution (pH 7.2) and the RPMI-1640 culture medium. QDs were
177 placed into each medium to a concentration of 1 mg/mL. Then, all samples were divided
178 into two groups: samples to be incubated at 37°C in a ThermoMixer C thermal shaker and
179 those to be incubated at room temperature. The hydrodynamic diameter determined by a
180 Malvern Zetasizer Nano ZS analyzer of dynamic light scattering served as a criterion of
181 QD stability. This value was measured daily for five days.

182 2.7. Estimation of quantum dot cytotoxicity in vitro

183 The QD cytotoxicity was analyzed using the SK-BR-3 human breast cancer cell line
184 (ATCC, United States) and the Wi-38 normal human fibroblast cell line (ATCC, United
185 States). Before the experiment, the cells were allowed to thaw for 1-2 min on a water bath
186 at the temperature of 37°C. After thawing, the cells were transferred to 15-mL test tubes
187 containing 5 mL of RPMI-1640 medium. In order to remove the cryoprotectant, the cell
188 suspension was stirred and centrifuged at 1500 rpm for 5 min, and the supernatant was
189 carefully withdrawn in such a way as to minimize the loss of cells. After that, the cells of
190 both lines were grown in culture flasks containing RPMI-1640 medium supplemented
191 with 10% of fetal calf serum, 2 mM L-glutamine, penicillin-streptomycin antibiotic, so-
192 dium pyruvate, and RPMI-1640 vitamin solution for complete growth medium in an in-
193 cubator at 37°C in a 5% CO2 atmosphere. When the cells had formed a monolayer, they
194 were detached from culture flasks with Versene solution. To do this, the culture medium
195 was removed, the cells were incubated in 2 mL of Versene solution for 2-5 min, 5 mL of
196 complete growth medium was added to the flask, and the cells detached from the flask
197 bottom were collected into a centrifugal test tube. The cell suspension was centrifuged at

198 1500 rpm for 5 min, the cell pellet was resuspended in 5-10 mL of complete growth me-
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199 dium, and the cells were counted in a hemocytometer and placed into a fresh culture
200 flask, 5*10° cells per flask containing 8 mL of complete growth medium.

201 The effect of the QDs on the viability of cell cultures was estimated using
202 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), a tetrazolium dye,
203 according to the standard protocol. In the mitochondria of viable cells, MTT was metab-
204 olized to form formazan crystals, which have a purple color. The results of this reaction
205 were estimated photometrically.

206 In order to prepare the MTT test, 0.5 g of the MTT reagent was dissolved in 100 mL
207 of sodium phosphate buffer solution (pH 7.4) to the final concentration of 5 mg/mL, and
208 the resultant solution was filtered through a filter with 0.22-um pores and placed into
209 4-mL test tubes. The dissolved MTT reagent was stored frozen at —20°C, the necessary
210 amount being thawed before the reaction.

211 For the MTT test, the cells were detached from the bottom of the culture flask and
212 centrifuged at 1500 rpm for 5 min. The pellet was resuspended in complete RPMI-1640
213 growth medium, and the cells were counted in a hemocytometer. Then, the cells were
214 cultured in a 96-well flat pate, 7*10° cells per well containing 180 pL of the culture me-
215 dium. The growth medium without cells was placed into the wells at the edge of the
216 plate. The plates were incubated at 37°C in a 5% CO2 atmosphere overnight for the cells
217 to attach to the well bottom. After that, QD samples with concentrations from 0.2 mg/mL
218 to 0.781 ng/mL prepared by binary dilution in triplicate were placed into the wells that
219 contained cells, and the plates were incubated for 24 or 48 h in an incubator at 37°C in a
220 5% CO2 atmosphere.

221 After the cells were incubated in the presence of QDs for the specified period of
222 time, the plates were centrifuged at 1500 rpm for 6 min, the supernatant was carefully
223 withdrawn, and complete RPMI-1640 growth medium was added to the wells. The cen-
224 trifugation followed by removal of the supernatant and addition of fresh cell growth
225 medium was performed in order to wash off QDs from the cells and eliminate the optical
226 contribution of QDs during the subsequent measurement of the formazan optical densi-
227 ty. Then, 20 uL of the MTT reagent solution was added into each experimental well to a
228 final concentration of 1 mg/mL, and the plates were incubated for 4 h at 7°C in a 5% CO2
229 atmosphere. During this time, formazan crystals were formed in the wells containing
230 viable cells. The plates were centrifuged at 1500 rpm for 6 min, the supernatant was
231 withdrawn, and 150 uL of DMSO was added into each well to dissolve the formazan
232 crystals. After that, the plates were placed into an incubator for 10 min and then stirred
233 on a shaker to make the formazan solution homogeneous. The optical density of the
234 formazan solution in the wells was measured using a Multiskan EX photometric analyzer
235 of immunoenzyme reactions (Thermo Fisher Scientific, United States) at the wavelength
236 of 540 nm. The optical density was directly proportional to the number of live cells. The
237 cytotoxicity (CT) was estimated in percent as

238 CT = (1-22) « 100%,

239 where ODc and ODe are the optical densities in the control and experimental wells,
240 respectively.

241 Finally, the inhibitory concentration of QDs that caused death of 50% of the cells
242 (ICs0) was calculated.

243 2.8. Fluorescence microscopy

244 SK-BR-3 human breast cancer cells were seeded into wells of borosilicate glass
245 slides of a Lab-Tek II Chambered Coverglass System, 1*105 cells in 200 mL of RPMI-1640
246 culture medium supplemented with 10% of fetal calf serum. After the cells adhered to the

247 substrate, the medium was replaced with a serum-free one, and QDs were added to each
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248 well on the slides to a final concentration of IC10 under standardized conditions to ana-
249 lyze the QD uptake by the cells. An Axio Observer Al microscope (Carl Zeiss, Germany)
250 was used for imaging. The measurements were carried out using an Axiocam 506 camera
251 with an LD A-plan 40x/0.55 lens. An excitation filter with the bandpass of 455495 nm
252 and an emission filter with the bandpass of 505-555 nm were used for excitation and
253 emission at the wavelengths of 495 and 519 nm, respectively. The exposure time was
254 13.33 ms. The QD accumulation in cells was estimated by the fluorescence intensity with
255 the use of the Image] software (Wayne Rasband, United States).

256 2.9. Statistical treatment

257 The GraphPad Prizm 6 software was used for the statistical treatment of the results.
258

259 3. Results

260 3.1. Size, composition, and optical properties of water-insoluble QDs

261 For studying QD toxicity, we used QDs with different chemical compositions of the
262 cores, which were coated with inorganic shells of different thicknesses to obtain QDs of
263 different sizes. The diameters of the CdSe/ZnS, CdSe/CdS (8 ML), CdSe/CdS/ZnS (6+3
264 ML), PbS/CdS/ZnS, and CulnS2/ZnS QDs were calculated from the TEM data (Figure 1).

CdSe/ZnS' = o PbS/CAS/ZnS

croscope Acausiton ate Magnficalon Camers Lengin
265 T T :

266 Figure 1. Analysis of the structure of the synthesized quantum dots by means of transmission
267 electron microscopy.

268
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269 Table 1 shows the chemical compositions, sizes, and optical properties of the
270 water-insoluble QDs. The absorption spectra of the water-insoluble QDs are shown in
271 Figure S1 (Supporting Information).
272 Table 1. Composition and optical properties of the synthesized water-insoluble quantum dots.
QD type Amax exc, M Amax fl, M Diameter, nm
PbS/CdS/ZnS 1300 1400 8.9
CulnSz/ZnS 550 690 4.5
CdSe/ZnS 570 590 5.5
CdSe/CdS (8 ML) 470 590 8.5
CdSe/CdS/ZnS (6+3 ML) 450 610 9.2
273
274 3.2. Size, charge, optical properties, and colloidal stability of water-soluble quantum dots
275 In order to transfer the water-insoluble QDs into the aqueous phase, their surface
276 was modified with DL-cysteine, which was replaced afterwards with thiol-containing
277 PEG derivatives with different end groups to impart different surface charges to the QDs.
278 Since the sum of the QD diameter and the thickness of the organic shell is not a strictly
279 correct estimate of the size of the QDs modified with PEG derivatives, below we use the
280 word "size" to mean the hydrodynamic diameter (HDD) of water-soluble QDs. The
281 surface charge and HDD were determined, respectively, by the electrophoretic mobility
282 method employing the Doppler effect and by the dynamic light scattering method using
283 a Zetasizer Nano ZS instrument (Figure 2). Table 2 shows the size and charge of the QDs
284 used in the study. The numbers of monolayers (ML) of the inorganic shells applied onto
285 the QD cores are indicated in parentheses. Estimation of the colloidal stability by the
286 dynamic light scattering method showed that the QDs HDD remained unchanged for at
287 least five days in a sodium phosphate buffer solution (pH 7.2) or RPMI-1640 culture
288 medium.

289
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Table 2. Size and surface charge of the quantum dots used in the study.

QD composition Size, nm C-potential, mV
PbS/CdS/ZnS-PEG-OH! 32.04+0.87 -10.60+2.92
CulnS:/ZnS-PEG-OH 16.08+0.51 -6.12+1.81
CdSe/CdS/ZnS (6+3 ML)-PEG-OH 26.48+0.92 -8.88+1.87
CdSe/CdS (8 ML)-PEG-OH 25.86+1.22 -11.20+1.37
CdSe/ZnS-PEG-OH 16.74+0.28 —4.72+0.38
CdSe/ZnS-PEG-COOH? 15.37+0.14 -17.80+3.01
CdSe/ZnS-PEG-NH23 22.77+0.36 6.43+1.12

TPEG-OH denotes 100% of HS-(CH2)11-EG¢-OH

2PEG-COOH denotes a mixture of 70% of HS-(CH2)u-EGe-OH and 30% of
HS-(CHz)11-EGs-OCH2-COOH

SPEG-NH: denotes a mixture of 70% of HS-(CH2)11-EGe-OH and 30% of HS-(CHz2)11-EGs-NH2

We used the CdSe/CdS/ZnS (6+3 ML)-PEG-OH and CdSe/CdS (8 ML)-PEG-OH
QDs with HDD = 25 nm and CdSe/ZnS-PEG-OH QDs with HDD = 17 nm to study the
dependence of QD toxicity on their size. The CdSe/ZnS-PEG-OH, CdSe/ZnS-PEG-COOH,
and CdSe/ZnS-PEG-NH2 QDs coated with differently charged PEG derivatives and
carrying, respectively, low negative, negative, and positive surface charges were used to
study the dependence of QD toxicity on the charge. The QDs with PbS, CulnS2, and CdSe
cores, namely, PbS/CdS/ZnS-PEG-OH, CulnS2/ZnS-PEG-OH, and CdSe/ZnS-PEG-OH
QDs were used to study the dependence of QD toxicity on the chemical composition of
their core. Thus, we prepared sets of QDs differing from one another in size, surface

charge, and composition. Figure 52 shows the fluorescence spectra of the water-soluble
QDs.

3.3. In vitro cytotoxicity of quantum dots

We estimated the cytotoxicities of QDs with different HDDs, surface charges, and
chemical compositions for SK-BR-3 human breast cancer cells and Wi-38 normal human
fibroblasts with the use of the MTT test after 24 and 48 h of cell culturing in the presence
of QDs. The results of cytotoxicity estimation are shown in Figures 3-8 and Table 3.
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Figure 3. Dependence of the survival of SK-BR-3 cells upon interaction with CdSe/ZnS-PEG-OH,
CdSe/CdS/ZnS (6+3 ML)-PEG-OH, and CdSe/CdS (8 ML)-PEG-OH quantum dots (QDs) for (a) 24
and (b) 48 h.
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CdSe/CdS/ZnS (6+3 ML)-PEG-OH, and CdSe/CdS (8 ML)-PEG-OH quantum dots (QDs) for (a) 24
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Figure 5. Dependence of the survival of SK-BR-3 cells upon interaction with CdSe/ZnS-PEG-OH,
CdSe/ZnS-PEG-COOH, and CdSe/ZnS-PEG-NH:2 quantum dots (QDs) for (a) 24 and (b) 48 h.
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Figure 6. Dependence of the survival of Wi-38 cells upon interaction with CdSe/ZnS-PEG-OH,
CdSe/ZnS-PEG-COOH, and CdSe/ZnS-PEG-NH: quantum dots (QDs) for (a) 24 and (b) 48 h.
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Figure 7. Dependence of the survival of SK-BR-3 cells upon interaction with
CdSe/ZnS,PbS/CdS/ZnS, and CulnS2/ZnS quantum dots (QDs) for (a) 24 and (b) 48 h.
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Figure 8. Dependence of the survival of Wi-38 cells upon interaction with CdSe/ZnS, PbS/CdS/ZnS,
and CulnS2/ZnS quantum dots (QDs) for (a) 24 and (b) 48 h.

Table 3. Effects of the parameters of different types of quantum dots on their ICs for SK-BR-3
human breast cancer cells and Wi-38 normal human fibroblasts.

SK-BR-3 Wi-38

Time, h QD type
ICso, mg/mL  SD* ICso, mg/mL SD?

Effect of the hydrodynamic diameter

CdSe/ZnS-PEG-OH 0.044 0.025 0.044 0.005

24  CdSe/CdS/ZnS (6+3 ML)-PEG-OH  0.058 0.003 0.108 0.004
CdSe/CdS (8 ML)-PEG-OH 0.053 0.003 0.104 0.003
CdSe/ZnS-PEG-OH 0.031 0.018 0.032 0.008

48  CdSe/CdS/ZnS (6+3 ML)-PEG-OH  0.046 0.001 0.056 0.009
CdSe/CdS (8 ML)-PEG-OH 0.035 0.002 0.046 0.002

Effect of the surface charge

CdSe/ZnS-PEG-OH 0.044 0.025 0.044 0.004

24 CdSe/ZnS-PEG-COOH 0.058 0.005 0.078 0.003
CdSe/ZnS-PEG-NH: 0.055 0.003 0.061 0.009
CdSe/ZnS-PEG-OH 0.031 0.018 0.032 0.008

48 CdSe/ZnS-PEG-COOH 0.052 0.003 0.058 0.003
CdSe/ZnS-PEG-NH2 0.035 0.006 0.045 0.009

Effect of the chemical composition
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CdSe/ZnS-PEG-OH 0.044 0.025 0.044 0.003
24 PbS/CdS/ZnS-PEG-OH 0.083 0.003 0.080 0.011
CulnS2/ZnS-PEG-OH 0.045 0.007 0.051 0.006
CdSe/ZnS-PEG-OH 0.031 0.018 0.032 0.008
48 PbS/CdS/ZnS-PEG-OH 0.036 0.008 0.054 0.006
CulnS2/ZnS-PEG-OH 0.033 0.011 0.033 0.003
377 ! Standard deviation is calculated from the results of three independent experiments.
378 3.4. Interaction of quantum dots with cells
379 Quantum dots with identical chemical compositions of the cores and inorganic
380 shells but different HDDs and surface charges were used to analyze the QD penetration
381 into, and accumulation in, live cells. The CdSe/CdS/ZnS(6+3 ML)-PEG-OH, CdSe/ZnS(8
382 ML)-PEG-OH, CdSe/ZnS(3 ML)-PEG-OH, CdSe/ZnS(3 ML)-PEG-COOH, and
383 CdSe/ZnS(3 ML)-PEG-NH2 QDs were used. The experiments were performed on
384 SK-BR-3 human breast cancer cells, because the intracellular transport rate is higher in
385 tumor cells. The cells were examined 24, 48, and 72 h after the QD preparations were
386 added. Figure 9 shows the diagram of QD accumulation in cells based on the calculated
387 integrated fluorescence intensity normalized to the number of cells.
388
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403 intensity of fluorescence of SK-BR-3 cells incubated in the presence of quantum dots with different
404 sizes and charges for (a) 24 h; (b) 48 h; and (c) 72 h.
405
406 4. Discussion
407 4.1. Fabrication and characterization of water-insoluble quantum dots
408 We have performed a consistent, systematic analysis to determine the dependence
409 of the toxicity of QDs, spherical fluorescent semiconductor nanocrystals, on their physi-
410 cal and chemical characteristics. For this purpose, we used series of core/shell QDs that
411 differed from one another in the chemical composition of the core (containing cadmium,
412 lead, or copper) and the number of monolayers of the protective inorganic shell of zinc
413 sulfide or cadmium sulfide. By varying the number of shell layers, we fabricated QDs of
414 different sizes, which were used to obtain water-soluble QDs with different HDDs. TEM
415 examination of the synthesized water-insoluble QDs showed that they were highly ho-

416 mogeneous in size.
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417 4.2. Obtaining water-soluble quantum dots.

418 At the first stage of QD solubilization, we used the low-molecular-weight thi-
419 ol-containing ligand DL-cysteine [16]. This compound allows QDs to be effectively
420 transferred from the organic to the aqueous phase through the ligand substitution reac-
421 tion of the organic preservatives adsorbed on the QD surface after the synthesis. This
422 ensures colloidal stability of the QD preparations for at least several days, which con-
423 siderably simplifies the subsequent modification of the QD surface. However, cyste-
424 ine-coated QDs are prone to spontaneous oxidation and, hence, are stable only in media
425 containing a reducing agent. Since we had to obtain highly stable homogeneous QD
426 preparations with different surface charges, we replaced cysteine with
427 low-molecular-weight thiol-containing PEG derivatives for subsequent modification of
428 the QD surface. PEG-based ligands were used because they are nontoxic and have even
429 been approved by FDA as materials for bone tissue regeneration [17]. PEG is highly bi-
430 ocompatible and nonimmunogenic, and it prevents protein adsorption on QDs [18]. The
431 resultant decrease in the nonspecific interaction of QDs with proteins prolongs their cir-
432 culation time in blood [19]. In addition, PEG-coated QDs have a high colloidal stability at
433 different pH values due to the interaction of the polyethylene glycol chain with the sol-
434 vent molecules [20]. This sets them apart from the surface ligands based on organic acids,
435 which are stable only at neutral or acidic pH values [21].

436 In order to impart different electrical charges to the QD surface, we used the PEG
437 derivatives that had a hydroxyl, a carboxyl, or an amine group at one end and an ali-
438 phatic chain with a backbone of 11 carbon atoms and a terminal SH group at the other
439 end: HS-(CH2)11-EG¢e-OH/COOH/NH2 (the SH group served for displacement of cysteine
440 molecules from the QD surface). The hydrophobic aliphatic chains of the ligand formed
441 an additional dense shell around the QDs, which allowed them to retain colloidal stabil-
442 ity for a long time. This approach made it possible to obtain a series of CdSe/ZnS QDs
443 that differed from one another only in the surface charge: (1) positive (the organic shell
444 consisting of 70% of HS-(CH2)11-EGs-OH and 30% of HS-(CH2)1-EGs-NH-2), (2) low nega-
445 tive (100% of HS-(CH2)11-EGe-OH), and (3) greater negative (70% of HS-(CHz)n-EGs-OH
446 and 30% of HS-(CH2)11-EGs-OCH2-COOH). Hereinafter, the QDs with these organic shells
447 are referred to as CdSe/ZnS-PEG-NH:, CdSe/ZnS-PEG-OH, and CdSe/ZnS-PEG-COOH,
448 respectively. The ratio of 7 : 3 between the neutral hydroxyl end group and the negative
449 carboxyl or positive amine group was used because it ensured colloidal stability of QDs
450 in a wide pH range due to the optimal distribution of charged groups over the QD sur-
451 face [22] while imparting the desired electrical charge to the surface. All the other types of
452 QDs were modified with the PEG derivative that had a hydroxyl end group (hereinafter
453 referred to as PEG-OH). It should also be noted that the QDs with this organic shell re-
454 mained colloidally stable in biological media not only for the first five days, but also af-
455 terwards, as long as a year after synthesis (data not shown). This makes them suitable,
456 e.g., for using in diagnostic kits with a shelf life close to that of the traditional organic
457 fluorescent dyes.

458 An undoubted advantage of this study is that all experiments have been performed
459 with comprehensively characterized QDs, each type of them obtained in a single synthe-
460 sis, which prevented variations in applying the organic surface ligands [23].

461 4.3. In vitro cytotoxicity of quantum dots

462 Study of QD cytotoxicity in in vitro models is simpler and less expensive than ex-
463 periments on laboratory animals, although it yields less information on the possible risks
464 related to the use of nanomaterials. While it is true that only in vivo models can clarify the
465 issues of the distribution, accumulation, and excretion of QDs, as well as their toxicity for
466 tissues, organs, and systems, estimation of the QD toxicity for cell lines is necessary for
467 initially screening the substances studied and determining whether or not they have a

468 damaging effect on cells.



Nanomaterials 2022, 12, x FOR PEER REVIEW 14 of 19

469 We used both normal and tumor cell lines (Wi-38 human fibroblasts and SK-BR-3
470 human breast cancer cells). It is known that the transport of substances into tumor cells is
471 more rapid than that into normal cells because of the rapid division and the related high
472 metabolic rate of the former. In addition, the pH inside tumor cells may be different due
473 to a more intense glycolysis [24], which may affect the QD stability and their surface
474 charge because of the protonation and deprotonation of the surface ligands. The surface
475 charges of the membranes of tumor and normal cells may also differ from each other,
476 because the tumor cell membrane contains more negatively charged lipids. This may also
477 affect the interaction of QDs with the cells [25].

478 4.4. Dependence of the in vitro cytotoxicity of quantum dots on their hydrodynamic diameter

479 Experiments were performed with three types of QD preparation with the same
480 chemical composition whose surface was functionalized with PEG-OH.
481 CdSe/ZnS-PEG-OH QDs had the smallest HDD (about 17 nm); the HDD of
482 CdSe/CdS/ZnS (6+3 ML)-PEG-OH and CdSe/CdS (8 ML)-PEG-OH QDs was about 26 nm.
483 The C-potentials of both types of the larger QDs were approximately equal, varying be-
484 tween -9 and -11 mV, and the (-potential of the 17-nm QDs was -5 mV. Figures 3 and 4
485 show the dependence of QD cytotoxicity on their HDD for the SK-BR-3 and Wi-38 cell
486 lines, respectively. These data were used to calculate the ICso value for each type of QDs
487 (Table 3).

488 Estimation of the ICs0 has shown that the smaller CdSe/ZnS-PEG-OH QDs are more
489 toxic than the larger QDs for both cell lines tested. It is known that QDs introduced into a
490 cell culture may interact with the components of the culture medium. The formation of
491 stable complexes of the QDs and proteins of the medium may promote the active (re-
492 ceptor-dependent) or passive transport of the QDs [26]. In this case, the QDs size and
493 surface characteristics determine the profile and conformational state of proteins in these
494 complexes, which also affects the effectiveness of their transmembrane and intercellular
495 transport. QDs penetrate into cells via phagocytosis, pinocytosis, and macropinocytosis,
496 whose effectiveness is inversely proportional to the size of the transported particles [14].
497 Irreversible damage of the membrane by larger QDs penetrating through it is more
498 probable compared to smaller QDs. This explains why tumor cells are more sensitive to
499 large QDs than normal cells are: their more intense metabolism determines an equally
500 more intense transmembrane transport [27], which increases the probability of cell death
501 due to membrane disruptions. At the same time, smaller QDs are more toxic than larger
502 ones for all types of cells, because smaller QDs more readily penetrate into a cell via
503 nonspecific transport mechanisms and cause cell death mainly through oxidation of in-
504 ner cell components rather than damage of the plasma membrane. The more effective
505 transport of small QDs into cells has been further confirmed by our experiments on QD
506 accumulation in cells, which have shown that QDs with an HDD of about 17 nm more
507 rapidly penetrate through the cell membrane than larger QDs. In addition, note that cells
508 of all types are more resistant to disruptions of plasma membrane than to oxidative de-
509 struction of their inner components. After a longer culturing (48 h), the cytotoxicity of
510 QDs was increased (Figs. 3b, 4b) compared to that after the 24-h culturing (Figs. 3a, 4a),
511 whereas the difference in the QD cytotoxicity for tumor and normal cells was decreased,
512 which suggests intracellular accumulation of the QD preparations during long-term in-
513 cubation.

514 4.5. Dependence of the in vitro cytotoxicity of quantum dots on their surface charge

515 We studied the effect of the QD surface charge on their cytotoxicity using CdSe/ZnS
516 QDs modified with different ligands: PEG-OH derivatives imparting a low negative
517 charge to the QD surface, a mixture containing PEG-COOH imparting a greater negative
518 charge, and a mixture containing PEG-NH: imparting a positive charge. The QDs with a

519 low and high negative charge had equal HDDs of 15-16 nm, and the HDD of positively
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520 charged QDs was 22-23 nm. Figures 5 and 6 show the dependence of the QD cytotoxicity
521 on their surface charge for SK-BR-3 and Wi-38 cells, respectively. We used these data to
522 calculate the ICso for each type of QDs (Table 3).

523 The QDs with a low negative charge have been found to be the most toxic for both
524 cell types, whereas the QDs with a high negative charge are the least toxic. It is obvious
525 that the QD surface charge influences the rate of their transport through the plasma
526 membrane, as well as their interaction with inner cell components. The physical, chemi-
527 cal, and reactive parameters of the surface ligands determining the surface charge also
528 make a considerable contribution to the transport effectiveness [13]. The QD charge in-
529 fluence their toxicity in a highly cell-specific way, because some cells are characterized by
530 an increased sensitivity to positively charged QDs [28], whereas others are more suscep-
531 tive to the action of negatively charged ones [29]. Our measurements have shown that
532 QDs with a low negative surface charge are the most toxic for both normal and cancer
533 cells. Positively charged QDs most readily penetrate into cells and accumulate there, but
534 they have no strong toxic effect compared to other QD types, probably, because of mo-
535 lecular interactions with cell components. After a prolonged (48 h) incubation of the cells
536 in the presence of QDs (Figs. 5b, 6b), the ICso values for both cell types were proportion-
537 ally decreased compared to these values after the 24-h incubation (Figs. 5a, 6a). This
538 suggests that precisely the QD transport rate depending on the surface charge is the lim-
539 iting factor for the expression of toxicity.

540 4.6. Dependence of the in vitro cytotoxicity of quantum dots on their chemical composition

541 Dependence of the QD toxicity on their chemical composition was studied in a se-
542 ries of core/shell QDs with cores of different chemical compositions coated with identical
543 ZnS inorganic shells. The surface of all types of QDs was functionalized with PEG-OH.
544 We studied QDs with cores of heavy metal salts (CdS and PbS) and with CulnS2 cores.
545 All the QDs had a low negative surface charge varying from —6 to —-10 mV, which was
546 within the measurement error. The HDDs of the QDs with Cu- and Cd-containing cores
547 were of about the same size, 16 nm, and that of the QDs with Pb-containing cores was
548 two times as large (32 nm).

549 Figures 7 and 8 show the data on the dependence of QD cytotoxicity for SK-BR-3
550 and Wi-38 cells, respectively, on the composition of the QD core. The ICso values for dif-
551 ferent types of QDs calculated from these data are shown in Table 3.

552 The results show that QDs with equal HDDs but different core compositions have
553 almost equal ICso values for both cell lines tested, although there are published data that
554 QDs with CulnS: cores are less toxic than those with CdSe cores [30]. The most plausible
555 explanation of our data is that the ZnS inorganic shell and the additional shell formed by
556 the aliphatic parts of the ligand molecules effectively prevent QD degradation and,
557 hence, protect cells against the heavy metals of the QD core. This is further confirmed by
558 the absence of a substantial difference in cytotoxicity between the two types of QDs after
559 24 and 48 h of cell incubation in the presence of these nanomaterials (Figs. 7a, 7b, 8a, 8b).
560 The cytotoxicity of the QDs with Pb-containing cores and CdS or ZnS shells after 24 h of
561 incubation was lower than the toxicities of the other two QD types studied, which may
562 have been determined by the substantially larger HDD of the former QDs. After 48 h of
563 incubation, the ICso of the QDs with lead-containing cores for tumor cells became com-
564 parable to the ICso of those with cadmium- and copper-containing cores. In contrast, the
565 ICs0 of the lead-containing QDs for the cells with normal metabolism remained consid-
566 erably higher compared to the other QD types. These data suggest a more rapid
567 transmembrane transport of lager QDs by tumor cells. We can conclude that the cyto-
568 toxicity of QDs of similar sizes but with different chemical compositions of the core are
569 almost equal to one another because the conditions of in vitro cell culturing do not induce
570 QD degradation. Thus, the difference in cytotoxicity between the types of QDs studied is

571 mainly determined by their different sizes.
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572

573 4.7. Interaction of quantum dots with cells in vitro

574 In experiments on the QD penetration through the plasma membrane and accu-
575 mulation in cells, we used QDs with the same chemical composition but different HDDs
576 and surface charges: CdSe/CdS/ZnS (6+3 ML)-PEG-OH, CdSe/CdS (8 ML)-PEG-OH,
577 CdSe/ZnS-PEG-OH, CdSe/ZnS-PEG-COOH, and CdSe/ZnS-PEG-NHz. The study was
578 performed on SK-BR-3 human breast cancer cells, because tumor cells have a high rate of
579 intracellular transport. The cells were studied 24, 48, and 72 h after the addition of the
580 QDs of different types. Figure 9shows the diagram of QD accumulation in cells estimated
581 by the integrated fluorescence intensity normalized to the number of cells. As seen from
582 the diagram, positively charged QDs, despite their larger HDD, most effectively pene-
583 trated through the cell membrane as early as after 24 h of incubation. This was because
584 the negative charge of the membrane facilitated the penetration of the positively charge
585 QDs. They could also effectively penetrate through the nuclear membrane and interact
586 with the negatively charged sugar—-phosphate backbone of DNA. After 48 and 72 h of
587 incubation, the QDs with smaller HDDs penetrated into cells more effectively, which
588 confirms the conclusion that positively charged QDs with a small HDD are the most toxic
589 for cells in vitro.

590

591 5. Conclusions

592 A new approach to the optimization of the characteristics of potentially biocompat-
593 ible fluorescent semiconductor nanocrystals has been used to obtain series of wa-
594 ter-soluble core/shell QDs differing from one another in one of three parameters: chemi-
595 cal composition of the core, size, or surface charge. All the synthesized QDs have an or-
59 ganic outer shell reliably protecting the QD core under the conditions of a cell culture.
597 The physical and chemical parameters of this shell are stable and have been comprehen-
598 sively characterized, which has allowed us to perform the systematic analysis of the in
599 vitro cytotoxicity for all types of QDs. The results have demonstrated that the smaller the
600 QDs size, the higher their in vitro cytotoxicity, with the cytotoxic effect on tumor cells
601 developing more rapidly compared to normal cells. QDs with a low negative surface
602 charge are more cytotoxic than QDs with a greater negative or a positive charge, with
603 tumor cells more susceptible to this effect. In contrast, the chemical composition of the
604 QD core has practically no effect on the QDs cytotoxicity in vitro, provided that the epi-
605 taxial inorganic shell and the additional outer shell of the modifying ligand (ensuring the
606 colloidal stability and biocompatibility of QDs) reliably protect the QDs from degrada-
607 tion.

608 Supplementary Materials: The following supporting information can be downloaded at:
609 www.mdpi.com/xxx/s1, Figure S1. Absorption spectra of the as-synthesized water-insoluble
610 quantum dots; Figure S2. Fluorescence spectra of quantum dots modified with polyethylene glycol
611 derivatives.
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